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Abstract

he temperature of fuel injectors can affect the flow

inside nozzles and the subsequent spray and liquid

films on the injector tips. These processes are known
to impact fuel mixing, combustion and the formation of
deposits that can cause engines to go off calibration. However,
there is a lack of experimental data for the transient evolution
of nozzle temperature throughout engine cycles and the effect
of operating conditions on injector tip temperature. Although
some measurements of engine surface temperature exist,
they have relatively low temporal resolutions and cannot
be applied to production injectors due to the requirement
for a specialist coating which can interfere with the orifice
geometry. To address this knowledge gap, we have developed

Introduction

ecent changes in road vehicle emissions regulations

have placed increased pressure on automotive engi-

neers to develop and progress vehicle technology in
order to meet the targets set out by the legislators. A well-
known issue central to vehicle emissions is the poor combus-
tion quality. This is due to insufficient mixing of the fuel and
air, which can lead to increases in pre-catalyst engine emis-
sions [1]. Therefore, to achieve a decrease in emissions output
of an internal combustion engine, there is a requirement to
improve the accuracy between the approximated and real fuel
injection temperatures as these variables are fundamental for
any combustion study [2]. The temperature of the fuel is
known to affectliquid and vapour penetration lengths, as well
as ignition delay, which contributes to pre-catalyst engine-out
emissions [3]. Higher fuel temperatures have been seen to
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a high-speed infrared imaging approach to measure the
temperature of the nozzle surface inside an optical diesel
engine. We investigated ways of increasing the emissivity of
the nozzle surface with minimal intrusion by applying thin
carbon coatings. We compare our measurements with those
from a production injector that was instrumented with
internal thermocouples. Our steady-state off-engine inves-
tigation showed that nozzle surface temperature measured
by infrared imaging could yield data at 1200 fps with uncer-
tainties of +20K to -1K compared to simultaneous thermo-
couple measurements. We applied this approach to an optical
diesel engine to investigate the effect of injection duration
and increased swirl ratio on injector nozzle temperature and
surface homogeneity.

increase CO,, un-burnt hydrocarbon emissions and increased
brake thermal efficiency while decreasing NOy [4, 5]. It has
been suggested that fuel temperature is very closely related to
the temperature of the fuel injector [6], hence if a temperature
measurement of the fuel injector is made, it may be possible
to infer the fuel’s temperature during the injection.

Fuel and injector nozzle temperatures also have a signifi-
cant impact on the near nozzle fluid dynamics throughout
and after the injection process [7]. The fluid dynamic processes
post-injection for diesel injectors are now well defined into
several phases. These stages contribute to fuel film formation
and subsequent, carbon deposits formation [8, 9]. The quantity
of fuel deposited on the nozzle surface is also highly depen-
dant on the fuel temperature due to the significant effect that
temperature has on surface tension, and viscosity [10]. The
limited amount of available crank angle resolved data has
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impeded progress in evaluating thoroughly the dynamics of
bubbling and evaporation phenomena of fuel films late in the
engine cycle, which are affected by the in-cylinder gas and
surface temperatures [11, 9]. Many methods have been
explored to evaluate the injector nozzle and fuel temperature,
although all have limitations, including the thermography
approach discussed here. The key challenge facing these
methods is the high temporal resolution required to capture
the highly transient thermal evolution of in-engine surfaces
across the cycle, compounded with the hostile environment
found inside a combustion chamber and the difficulty
accessing the internal surfaces either physically or optically.
One such method used to overcome this is to modify a fuel
injector nozzle to allow a thermocouple to be fitted beneath
the injector surface, as close to the injector tip as possible
without compromising the internal injector geometry [11, 12].
However, embedding thermocouples inside injector tips
remains a complex and risky approach due to the machining
process weakening the nozzle tips, potentially leading to a
mechanical failure of the injector nozzle and catastrophic
engine damage. Members of the Engine Combustion Network
found that nozzle temperature measurements in spray vessels
and engines resulted in significant differences, possibly due
to different locations and contact of the thermocouples on the
surfaces. Additionally, the slow time constants of thermo-
couples limits readings to measurement frequencies in the
order of 1 Hz. [13, 14]. An alternative method known as laser-
induced phosphorescence uses the luminescent properties of
thermographic phosphors to infer the surface’s temperature.
To utilise the phosphor’s properties, it is excited with a
coherent light source with the intensity of the light emitted
from the phosphor recorded. After that, the decay time of the
light emitted is a function of temperature [13]. Laser-induced
phosphorescence can provide crank angle-resolved measure-
ments. However, due to the emission signal of the phosphor
being very low, it can encounter issues during the combustion
process with the phosphor signal getting masked by the
natural combustion luminosity [15]. Moreover, in the inves-
tigations conducted by Kashdan et al. [15] the amplified photo-
detector used only allowed for the measurement of a 1 mm
disc, which is insufficient to properly characterise the thermal
evolution of the injector nozzle tip across an engine cycle. Due
to the lack of available experimental data, the thermal profile
of the injector nozzle is often approximated via a numerical
methodology [6].

Because of the lack of available data and approximations
currently being used to evaluate the thermal evolution of the
injector nozzle surface, the motivation for this study is to
demonstrate the high-speed infrared thermography approach
as a method to characterise further the thermal transients
found in internal combustion engines. Thermographic
measurements were made using a high-speed infrared camera
operating in the mid-wave infrared range in conjunction with
a Bowditch style optical 4-stroke diesel engine. The measure-
ments were conducted using a production multi-hole valve-
covered orifice (VCO) diesel injector using multi-component
(CEC-RF79) fuel. Post-calibration, our infrared approach
showed advantages over previously discussed techniques due
to its spatial and temporal resolutions and the non-intrusive
nature of the approach. This article is structured into three

main components, including the introduction. The second
section discusses the experimental setup and calibration
methodologies, and the third section presents the results from
the study evaluating the effect of injection duration and swirl
ratio on injector nozzle tip temperature. Finally, a summary
of the key finding can be found in the conclusion.

Experimental Setup

Optical Engine Configuration

Experiments were undertaken using a 4-stroke Bowditch style
optical diesel engine based on a production PUMA engine
with 86 mm bore and stroke and fitted with a Delphi DFI 1.3
VCO direct injection (DI) diesel injector. To emulate low-load
and idle conditions, the engine is supplied boost pressure from
an external pressure reservoir filled by a compressor that feeds
the engine a constant intake flow rate using a set of critical
flow venturi nozzles. For further adaptability, the engine
testbed is equipped with a swirl valve on the intake manifold.
This allows the swirl to be varied between a ratio of 1.38 and
4.12, where the ratio is equal to the average rotational velocity
of the free charge vortex, divided by the charge vortex as a
rigid body rotating on its axis [16, 17]. The engine runs a 1:64
skip fire regime to reduce fouling of the optical surfaces.
However, due to the engine not being fired continuously, the
coolant used to heat the engine testbed to ~55 °C and allows
a stable temperature to be maintained whilst still emulating
idle to light load conditions. The crank was spun at 1000 rpm
using a 30 kW dynamometer with several engine operating
conditions swept during the investigations. Figure 1 shows
the engine testbed and optical configurations.

The testbed is also instrumented with temperature and
pressure sensors on all the major ancillary systems such as
intake air, oil, coolant and fuel systems, crank angle position
logged by an optical encoder with a resolution of 0.5° Crank

m Configuration of bowditch style optical engine
and Telops M100k infrared camera setup.
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TABLE 1 Engine setup and configuration for investigations.

Parameter Value

Engine Speed 1000 RPM
Compression Ratio 14:1

Injector Delphi DFI 1.3
Start of injection -18° CA aTDC

Injector pulse duration 1000 ps; 2000 ps

Fuel CEC RF-79
Swirl ratio 1.38; 4.12
Stroke 4

Angle (CA). A piezoelectric pressure sensor (Kistler 6125C)
is implemented to take high-speed data acquisition with a
sample taken every 0.5° CA. A purpose-built LabVIEW inter-
face manages the testbed, and injection system, while also
managing the low and high-speed data acquisition accurate
to 1 s and 25 ns respectively. The fuel system is comprised of
a light-duty lift pump (rated to 0.2 MPa), a high-pressure
pump rated to 160 MPa (Bosch CP1H), a vacuum venturi line
to provide the injector with the appropriate pressure on the
injector leak offline and two pressure sensors, one on the
common rail (Bosch 51HP02-02) and one on the injector feed
(Kistler 4067E). In this investigation, the Delphi DFI 1.3 VCO
injector was instrumented with a Tactical 306, Type-K ther-
mocouple, providing time-averaged nozzle surface tempera-
ture. However, the machining process to instrument the fuel
injector with the thermocouple compromises the integrity of
the nozzle, therefore, limiting its safe operating pressure to
400 bar.

The optical engine is fitted with a sapphire bowl (68 mm
diameter, 33 mm thickness) on an extended Bowditch style
piston, allowing for a stationary silver-coated mirror to
be fitted at 45° to the cylinder as shown in Figure 1. Having
the mirror mounted at 45° allows the radiation emitted from
the injector nozzle to be deflected and captured by the camera
sensor. In order to prevent the camera’s sensor from becoming
over-saturated, the cameras exposure time was changed
between test points from 100 ps to 400 ps depending on the
expected peak temperature. The setup described in Figure 3
allows for the visualisation of the entire injector nozzle surface
with a scale factor of 88.75 um/pixel, which was sufficient to
see a detailed structure of the nozzle tip. Table 1 shows the
engine operating conditions and parameters used in
these investigations.

High-Speed Infrared Camera
Calibration

To enable crank angle resolved temperature measurements to
be taken, a high-speed mid-wave infrared camera (Telops
M100k) was used at the operating conditions listed in Table 2.
A 50 mm lens was used, factory calibrated by the manufac-
turer for a temperature range of -50 °C up to 2500 °C. This
also accounted for the pixel to pixel non-uniformity in sensor
irradiance, imperfections in the transmission of the optical
elements and internal infrared radiation produced by the
camera. However, the calibrations conducted by the

TABLE 2 Camera operation parameters for investigations.

Parameter Value

Camera Telops Fast M100k

Wavelength range 3000 to 4900 nm

Frame size 80 x 80 pixels?

Calibrated well capacity 8 Me-

NETD 14.2 mK (measured)

Infrared lens Janos Technology Asio 50 mm,
/2.3

Infrared transmittance >93% at 25 °C

Measured scale factor 88.75 pm/pixel

m Infrared transmissivity for the optical

components, including the effect of water and CO,. The
bandpass filter (BBP-3670-4020) restricts the recording to
3670-4020 nm, where all transmissions are nearly constant
with wavelength.
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manufacturer are taken under ideal circumstances with a free
optical path between the camera lens and a black body (emis-
sivity ~1). In contrast, this cannot be replicated in the engine
due to the transmission and reflectivity losses through the
optics required to gain optical access to the combustion
chamber which is described in Figures 1 and 2.

The combustion event produces significant amounts of
water and CO,, which are significant absorbers between 3000
and 5000 nm [18]. This absorption can significantly impact
the accuracy of computed temperature if it is not accounted
for through a custom calibration. Moreover, CO is also a major
absorber of radiation within this wavelength however, within
the filtered range CO absorption is negligible [19]. In order to
mitigate the absorption caused by the CO, and water, a
bandpass filter (BBP-3670-4020) is employed only to permit
radiation between 3670 and 4020 nm, where the transmis-
sivity of water and CO, is high, and the flame radiation inten-
sity is low. The permitted band is illustrated in Figure 2. The
custom calibration was created using a dummy injector which
was designed and fitted to the optical engine. The dummy
injector was developed using a Delphi DFI 1.3 nozzle tip and
cartridge heater with an aluminium strip going down into the
volume usually filled by the needle to provide better heat
conduction to the tip. Thermal paste was also used in the
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m Custom calibration generated to compensate for
optical transmission losses.
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m Region of interest highlighted as the green area
which was applied when processing nozzle temperatures on
the incline plane of the DFI 1.3 injector at the location of the
nozzle orifices.

Orrifices

Delphi DFI 1.3 nozzle

intermediary areas to increase the heat transfer between the
cartridge heater and the metallic parts of the injector nozzle.
In order to provide feedback to the PID controller and log the
temperature of the injector nozzle, thermocouples were fitted
into the injector nozzle sac. The dummy injector was then
used to emulate the rise in nozzle tip temperature between
approximately 50 °C to 270 °C over a period of two hours with
the camera recording at 1 fps to capture the change in digital
level as the temperature increases (3). To ensure the accuracy
of the custom calibration, the infrared camera was allowed to
regulate its exposure to maintain optimum pixel well filling.
Furthermore, the injector nozzle was coated with soot to
increase the emissivity of its surface to ~0.95 ([20]), compared

to that of standard buffed steel finish (emissivity ~0.16 [21]).
However, during engine operation, the infrared camera’s auto-
matic exposure control response time is not high enough.
Therefore when under engine operating conditions, exposure
should be set based on where the interest is. For example, if
the interest is peak temperature, the expected peak tempera-
ture should meet 60% of the well capacity, which for the Telops
camera used is 8 Me-.

To calculate the nozzle temperature from the level of
radiation collected by the infrared camera, it first must
be understood that the amount of radiation emitted by a
surface is a function of its emissivity and temperature, as
stated by Kirchoff. Once a high emissivity was obtained by
sooting the injector nozzle, data was recorded and processed
against the custom calibration discussed previously. The
formula for the calibration curve was found and then
applied to the digital level values for every pixel of each
video frame. Each frame was then cropped to a pre-defined
region of interest, shown in Figure 4, and then averaged to
get a crank angle based temperature measurement across
the cycle (5).

Infrared measurement and
Post Processing Methodology

To obtain quantitative results from the raw data collected by
the camera’s sensor, an algorithm was used as illustrated in
Figure 5. The process of converting the raw data collected by
the camera’s sensor began with normalising for time. As previ-
ously discussed, measurements are conducted with different
exposure times to prevent over-saturation of the camera
sensor; normalising this data for time allows these measure-
ments to be compared irrespective of exposure. Then the data
was then cropped to a region of interest (ROI), which is the
inclined plane where the injector orifices reside. This ROI is
shown in Figure 4. Following the data being cropped to the
ROI, the calibration shown in Figure 3 was applied to each
individual frame and stored, creating a temperature image
stack. Once all the frames had been converted to temperature,
the arithmetic mean for each frame is then found. The frame
averaged temperature measurements are then stored as a
vector to produce a crank-angle resolved temperature trace.
Finally, the frame averaged vector stack was then averaged to
find the ensemble-averaged temperature, which is then
compared against the thermocouple measurements from the
instrumented injector to provide a sequence uncertainty.
These two data sets are then plotted and validated against the
thermocouple. In order to compare the infrared-based
temperatures with the instrumented injector, the ensemble-
average of the infrared temperature vector was computed to
produce the mean nozzle temperature of that video recording,
as shown in Figures 5 and 7. Further to the vector plots shown
in Figure 7 thermal topology maps were also created to provide
a better understanding of the thermal distribution across the
nozzle surface under varying operating conditions. Using
these four outputs (thermal topological view, frame averaged
vector, ensemble-averaged vector and thermocouple measure-
ment), it is possible to gain a much greater insight into the
thermal evolution of engine surfaces.
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m Post processing methodology used to obtain an m Uncertainty analysis of measurements allows the
ensemble average of the nozzle tip temperature and frame- effect of fouling on the optical bowditch piston to be realised.
averaged temperature to generate a crank-resolved trace. Open black symbols are an ideal case with no engine

movement and the optical surfaces clean.
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Uncertainty Analysis

An uncertainty analysis was performed to validate the meth-
odology by comparing the thermocouple instrumented
injector to the time-averaged infrared video measurements.
Figure 6 shows the uncertainty under ideal static conditions
(open black dots), fouled static conditions (closed black dots)
and motored conditions (red dots). The solid black line marks
the ideal error-free measurement. The distribution of the
plotted data shows that the thermographic approach consis-
tently under predicts the actual nozzle tip temperature as
measured by the thermocouple.

Comparing the measurement under ideal and non-ideal
conditions can justify that the thermographic approach
consistently yields lower nozzle temperature measurements.
The calibration was recorded in an ideal condition when the
engine was static with the surfaces of the mirror piston bowl
and clean. The clean condition allows for greater transmission
of infrared radiation, thus yielding an uncertainty of 7 K
when comparing against the instrumented injector. However,
during engine operation under both motored and fired condi-
tions, the optical transmissivity will be reduced by the accu-
mulation of engine by-products which leads to additional
absorption in the spectrum of interest. In our measurements,
this resulted in uncertainty which never exceeded 20 K.

Additional areas of increased uncertainty are introduced
due to low levels of well filling on the camera sensor, which
generates an underexposed image leading to an increase in
the influence of the sensor’s signal to noise ratio on the resul-
tant measurement. However, for this analysis, we can conclude
the uncertainty to be estimated as 7" K.

Figure 7 shows the thermocouple-based compared to the
temperatures crank-resolved instantaneous and infrared-
based video-averaged temperatures for both motored and fired
test conditions. In both cases, the two temperatures agree
within 11 K, thus suggesting that the calibration applied and
the implementation applied to the infrared thermography
are satisfactory.

Results

The results below were achieved using the previously discussed
methodology and small changes in operating conditions to
enable their effect on the injector nozzle tip temperature and
homogeneity to be studied. Firstly, Figure 8 shows that longer
injection durations lead to an increase in injector nozzle tip
temperature due to prolonged exposure to the high-temper-
ature flame and combustion products. Still, during consecu-
tive fired cycles, it would be expected that the thermal floor
would rise. The additional heat generated from the cycle is
then retained, increasing the peak motored temperature of
the next cycle. The increasing thermal floor can be demon-
strated in Figure 7b, where the thermal floor between the fired
peak and subsequent motored peak is hotter than the thermal
floor between the preceding motored peak and the fired peak.
If the engine is fired consecutively, the temperature rise would
become less abrupt due to cooling caused by the fuel passing
through the injector nozzle. The cooling event generated by

m Effect of injection duration on nozzle tip

temperature for injections of CEC-RF79 fuel.
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the fuel injection event is captured in Figure 8 with the
temperature rise reverting abruptly towards the end of the
compression stroke (-10 to 0° CA aTDC).

After the ignition event, the temperature is retained
during the expansion stroke between 0-180° aTDC, as the hot
combustion gasses are trapped in the cylinder. However, heat
is lost during the expansion stroke towards 180° aTDC, by
which point the gas temperature is now cooler than the
injector nozzle tip. Due to the gas temperature being cooler
than that of the nozzle tip, there is a subsequent cooling effect
during the exhaust stroke and the temperature drops close to
the thermal floor of the cycle.

Figure 9 shows there is nozzle tip temperature fluctua-
tions during the intake stroke of approximately 5 K. The
thermal fluctuations in the intake stroke is generated by
inducted gas being significantly cooler than the nozzle tip
temperature and the increased forced convection effect due
to the increased swirl ratio. Looking further into the cycle,
during the compression stroke, the forced convection effect
also generates higher peak temperatures due to the increased
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m Increased swirl ratio resulted in a more

homogenous temperature distribution across the nozzle

surface. The test point was for a motored
(non-combusting) cycle.
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in-cylinder air motion aiding the heat transfer between the
hot compressed gas the injector nozzle. Finally, during the
expansion and exhaust stroke, the nozzle’s thermal stability
is high due to the thermodynamic process undertaken earlier
in the engine cycle.

However, the homogeneity of the injector nozzle surface
generated by the increased swirl does not provide thermal
stability of the injector nozzle tip throughout the engine cycle.
This effect on the temperature distribution across the nozzle
surface is demonstrated by Figure 10 with the test cases being
taken with the minimum and maximum swirl ratio of 1.38
and 4.12, respectively. Figure 10 shows that increased swirl
leads to a more homogenous nozzle temperature distribution.
The more homogenous nozzle temperature is expected to
result from the increased air motion leading to more mixing
between the hot and cold in-cylinder gases, which in turn
leads to a more homogenous temperature across the cylinder
and therefore the nozzle tip surface.

Conclusion

This article proposes a method for measuring time-resolved
nozzle tip temperature to investigate the effect of varying
intensities of in-cylinder air motion and injection duration
on injector tip temperature. The measurements demonstrate
that increasing the intensity of the in-cylinder swirl yields a
more homogenous temperature distribution across the
nozzle’s surface. Moreover, the increased swirl also generated
greater thermal fluctuations during the intake stroke due to
the increased turbulent kinetic energy and higher peak
temperatures. The investigations also indicated that injection
duration could significantly influence the injector nozzle tip
temperature over fired conditions.
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